Background: Obtaining an adequate number of patients to conduct a natural history study for rare diseases such as Becker muscular dystrophy (BMD) is difficult. Objectives: The present study used data from Remudy, a national registry for neuromuscular diseases in Japan, to conduct a phenotypic analysis of BMD. 
INTRODUCTION
Becker muscular dystrophy (BMD, OMIM 300376) is an X-linked recessive form of muscular dystrophy caused by mutations in the dystrophin gene (DMD) on chromosome Xp21.2 [1] . The DMD gene is the largest gene identified in humans and contains 79 exons. Mutations in this gene prevent the production of functional dystrophin protein [2] . Since the discovery of the DMD gene, efforts have been ongoing to develop effective strategies to treat Duchenne muscular dystrophy (DMD) and BMD.
DMD is associated with mutations that interrupt the open reading frame of the DMD gene, resulting in severe muscle weakness and, typically, death before the age of 30 years [3, 4] . In contrast, BMD is typically associated with mutations that maintain the open reading frame, producing an altered, but partially functional, dystrophin protein with no change in its C-terminal domain [3, 5] . Patients with BMD exhibit variable phenotypes, but are less severely affected than those with DMD, and have a much longer normal life expectancy [5] . Antisense oligonucleotides (AONs), a promising experimental line of molecular therapy for DMD, aim to restore gene expression by altering splicing at the pre-mRNA level [6] . These AONs hybridize to a specific target sequence and can cause the skipping of a targeted exon, resulting in restoration of the open reading frame, production of an internallytruncated dystrophin protein, and conversion of the DMD phenotype to BMD. Eteplirsen (Exondys 51 ® ) is an antisense oligonucleotide designed to induce exon 51 skipping [7, 8] . Intravenous eteplirsen has received accelerated approval from the US FDA for the treatment of Duchenne muscular dystrophy (DMD) in patients with a confirmed mutation of the DMD gene amenable to exon 51 skipping [9] . Phase I clinical trials on exon 53 skipping have just been completed, and phase II trials are currently underway (NCT02081625) [10] . To assess the likely outcomes of exon-skipping therapies for patients with DMD, natural history studies as well as studies which examine phenotype-genotype correlations are important. In addition, investigating the heterogeneity of the BMD phenotype may further clarify the function and structure of the dystrophin protein [11] . Prediction of clinical outcomes is also important for both patients and physicians.
In 2009, we developed a national registry of Japanese patients with dystrophinopathy (Registry of Muscular Dystrophy; Remudy. http://www. remudy.jp/) in collaboration with TREAT-NMD [12] . Registry data can provide detailed information regarding the natural history and epidemiology of a disease, as well as information pertaining to clinical care. Several studies have used TREAT-NMD [13] and other patient registry data to investigate DMD, including our previous study [12] . However, no studies have described in detail the mild phenotypes of dystrophinopathy. Here, we describe the clinical and molecular genetic characteristics of Japanese patients with BMD and intermediate muscular dystrophy (IMD) using data from Remudy. To clarify the clinical characteristics of the population showing mild phenotypes (i.e., BMD) and those with less mild phenotypes (i.e., milder than DMD), we defined BMD and IMD separately.
METHODS

Institution, organization, registration method, data collection, and ethical approval
Remudy is supported by Intramural Research Grants (23-5/24-6) for Neurological and Psychiatric Disorders from the National Center of Neurology and Psychiatry (NCNP). Information relating to the development and management of the registry, registration method, and data collection has been published previously [12] . All data were collected using the registrant's self report after obtaining physician confirmation. Inclusion criteria were men with dystrophinopathy, and that the diagnosis was confirmed genetically and/or pathologically by immunohistochemistry (IHC). Genetic diagnosis was confirmed by the original report. We used MLPA for multiple exon deletions and duplications, MLPA and sequencing of the bordering area for single exon deletions or duplications, and full-sequencing for small mutations (Fig. 1) . Cardiac failure was defined as 1) EF <55% and/or 2) diagnosis by the attending physician. Respiratory dysfunction was defined as 1) %FVC <80 and/or 2) ventilator use. Since continuous positive airway pressure (CPAP) therapy of obstructive sleep apnea is distinguished from ventilator therapy according to the Japanese insurance system, no patients with CPAP were included in ventilator users. If patients had updated their annual registrant forms, we used the information on their original registration. Approval for this study was obtained from the Medical Ethics Committee of the NCNP. Study objectives, design, risks, and benefits of participation were explained to all patients, and their written informed consent was obtained prior to enrollment. 
Patients
Among registered patients with dystrophinopathy at age 17 and older, data from patients with BMD and IMD were reviewed. All patients with IMD who were ambulant at age 13 were defined as registrants who had lost ambulation between ages 13 and 17, whereas those with BMD were ambulant at age 17 [14] . In addition, each mutation found in more than seven patients was further analyzed by age at lost ambulation, cardiopulmonary function, and genotype. For clinical comparisons, patients administered steroids were excluded.
Data analysis
Data were summarized using descriptive statistics, including mean, standard deviation (SD), median, range, frequency, and percentage. Spearman correlations were used to determine the association between each variable. The t-test was used for group comparisons of continuous data and Fisher's exact test was used for binary data. Age at loss of ambulation was evaluated using the Kaplan-Meier method with log-rank test. All statistical analyses were performed using SPSS for Macintosh (Version 18; SPSS Inc., Chicago, IL). (Table 1, Fig. 2) A total of 1,298 Japanese patients with dystrophinopathy who were aged 17 and older had been registered in Remudy from July 2009 through Table 1 Characteristics of BMD registrants September 2015. Among these were 1,106 patients with DMD, 138 with BMD, and 54 with IMD. Only patients with BMD and IMD were included for further analysis, excluding those with DMD (i.e., those who could not walk after age 13). Mean age ± SD at the time of data collection was 34.8 ± 13.3 (median, 32 years; range, 17-78 years). The age distribution for ambulation is shown in Fig. 2a . The oldest ambulant patient was aged 78 years. Of the study population, 49.5% (n = 95) had normal cardiac function and 55.2% (n = 106) were prescribed at least one cardiac medication, and ␤-blockers were the most frequently prescribed medication for cardiac failure. Patients with cardiac medication had cardiac dysfunction significantly more frequently than those without (81.1% vs. 12.8%; p < 0.001). EF data were obtained from 92 participants. EF data were defective in 5 of 97 cardiac dysfunction participants and 65 of 95 normal participants.
RESULTS
General characteristics at study entry
Among registrants, 17 (8.9%) were treated or had been administered steroids. Among current steroid users, 11 were non-ambulant and 6 were ambulant. When former steroid users were included, 32 (16.7%) of BMD/IMD registrants had used steroids (Fig. 2b) .
Muscle biopsies were obtained from 120 (62.5%) participants. The results of dystrophin IHC were available for 67 (55.8%) participants. Among these 67 participants, a faint and patchy pattern or dystrophin negative IHC staining pattern was observed in 49 (73.1%) and 18 (26.8%) participants, respectively. There were 80 (41.7%) patients with family members affected by dystrophinopathy, including 43 siblings, 6 mothers, and 32 other maternal kindred. Of the study population, 88 (45.8%) had normal respiratory function. However, respiratory function was not assessed in 25 (13.0%) participants. %FVC data were obtained from 60 participants, excluding 19 participants (18 were ventilator-dependent; five were dependent part-time, and 13 were dependent full-time). with respiratory dysfunction. Among 35 BMD participants with respiratory dysfunction, 18 were non-ambulant and 17 were ambulant. Nineteen patients had confirmed BMD (i.e., based on clinical pathology, in-frame mutations, and a faint and patchy dystrophin IHC pattern). Three of these patients were ambulant until age 17 and had respiratory insufficiency (Supplementary Table 1 ). Among 50 IMD participants, 44 had respiratory dysfunction; 33 (17.2%) were ventilator users. Of these, 19 were part-time and 13 were full-time users (one unknown). Three participants required invasive ventilation, and 30 participants required non-invasive ventilation. Among 33 ventilator users (both IMD and BMD patients), only one 44-year-old BMD participant was ambulant. The remaining 32 ventilator users lost ambulation at a median age of 14 years (range, 13-55 years), which was earlier than non-ambulant participants who were not ventilator users (median age, 17.5 years; range, 13-65 years; p < 0.001).
Comparison between BMD and IMD (
Dystrophin mutations
There were 137 participants with deletion mutations, 16 with duplication mutations, and 39 with small mutations (Supplementary Table 2 ). The distribution of exon deletions revealed common hot spot regions in exons 45-54, but no hot-spots for duplications (Fig. 3) . Deletion mutations included the ex45 ex47del mutation in 26.3% (36/137), ex45 ex48del mutation in 12.4% (17/137), ex45 ex49del mutation in 6.6% (9/137), ex3 ex7del mutation in 5.1% (7/137), ex48del mutation in 2.9% (4/137), and ex45 ex55del mutation in 2.9% (4/137). In contrast, 58 deletion and duplication . Distribution of exon deletions shows common hot-spot regions in exons 45-54. There were no "hot spots" for duplications. Among IMD participants, hotspot deletion was less frequent compared to BMD participants. mutations (67 participants, 48.9%) were only observed in one or two participants. In total, we identified 67 different exon deletions and duplications comprising all mutations.
Genotype-phenotype correlations for deletion mutations (Table 3)
To compare clinical features of participants with common mutations, we analyzed data from those with ex45 ex47del, ex45 ex48del, ex45 ex49del, ex45 ex55del, and ex48del mutations, as these five mutations were the most frequently observed in our study population. Participants who had used steroids before were excluded, as steroid use itself may influence phenotype. The numbers of participants who had never used steroids were 36 for ex45 ex47del, 16 for ex45 ex48del, 8 for ex45 ex49del, 4 for ex45 ex55del, and 4 for ex48del mutations. The most frequent mutation, ex45-47del, was used as a reference for comparisons of other mutations. Among the five mutations, those with ex 45-ex55del and ex48del mutations were significantly younger than those with the ex45 ex47del (Fig. 4a) mutation. None of the nonambulant participants had the ex45-55del or ex48del mutation. There were no significant differences between the other three mutation groups, with respect to the ratio of non-ambulant participants (Fig. 4b) .
With regard to median age at loss of ambulation (Table 3 , Fig. 5) , participants with the ex45-ex49del mutation (39.7 years) lost ambulation earlier than those with the ex45-47del (53 years, p = 0.215) or ex45-48del (60 years, p = 0.018) mutation. Those with the ex45-ex48 mutation had the longest ambulation duration compared to those with the other two in-frame mutations. Percentages of participants who had cardiac dysfunction were 36.1% for ex45-ex47del, 60.0% for ex45-48del, 37.5% for ex45-49del, 25% for ex45-55del, and 0% for ex48del. No significant difference was found in cardiac dysfunction (Fig. 4c) . Percentages of participants who had respiratory dysfunction were 13.9% for ex45-ex47del, 21.4% for ex45-48del, and 0% for ex45-49del, ex45-55del, and ex48del (Fig. 4d) .
Only three participants carrying ex45-48del currently used steroids; however, no significant changes were found when these participants were included in the analysis.
DISCUSSION
Recent advances in exon skipping and other molecular therapies have brought focus to BMD, a potential model for DMD treated with exon skipping. The reasons underlying the heterogeneity of BMD phenotypes, however, remain unclear. No linear relation has been found between dystrophin levels (range, 3%-78%) and muscle strength or age at different disease milestones, in both the whole group and subgroups of exon 45-47 deleted patients. However, patients with less than 10% dystrophin levels have been found to follow a severe disease course. [15] . Genotype-phenotype correlations have been previously studied. For instance, deletions in the N-terminal region are associated with an earlier onset of symptoms compared to mutations in the distal region [16] . Patients with a deletion of exons 45-55 appear to have less severe muscular involvement, and only a few cases of dilated cardiomyopathy have been described in the literature [17, 18] . A previous comparison of the frequency of mutations, such as ex45-ex47del, ex45-ex48del, ex45-ex49del, and ex45-ex51del, found that the age of dilated cardiomyopathy onset was delayed in those with the ex45-ex48del or ex45-ex49del mutation compared to those with the ex45-ex47del mutation [11] . Earlier wheelchair dependency was also observed in patients with the ex45-ex47del or ex45-ex49del mutation compared to those with the ex45-ex48del mutation, which is consistent with our present findings. In their study, muscle dystrophin levels were moderately reduced, but without a clear correlation with the type of deletion. Therefore, they concluded that disease severity might be attributed to differences in structure of the mutated dystrophin protein and not dystrophin levels [9] . In the present study, we found that the ambulation duration of participants with the ex45-47del or ex45-48del mutation was significantly longer compared to those with the ex45-ex49del mutation (p < 0.05). As we did not assess parameters such as ejection fraction or vital capacity in all participants, we may not have had sufficient power to detect differences in genotype among those with cardiac or respiratory dysfunction.
We used clinical diagnostic criteria to classify participants with mild phenotypes of dystrophinopathy. At present, immunohistochemical diagnosis is not routinely performed in the first step of BMD diagnosis, as MLPA has been commercially available and covered by health insurance in Japan. In some cases, however, it is difficult to predict prognosis based on genetic diagnosis. Therefore, we suspect that neither genetic nor pathological diagnosis alone was sufficient to detect mild phenotypes of dystrophinopathy in the present study. On the other hand, given that steroid usage is one of the factors associated with prolonged ambulation status in DMD, clinical criteria alone may not be sufficient for defining phenotypes. In the present study, 26.7% of patients with BMD had negative dystrophin IHC, which seemed rather high. As our participants included those who carried out-of-frame and stop-codon mutations, the percentage of IHC-negative patients might have been higher compared to the past investigation, which included only BMD participants with in-frame mutations.
Although Remudy collects nationwide data, we could not amass a sufficient sample size to enable a statistical comparison of mutations. Thus, a broader study, e.g., one that uses an international registry, is warranted in the future.
This study is the first to find that some patients with BMD had been administered steroids. Interestingly, both children and adults were treated with steroids. However, no data relating to complications were collected in this study to determine whether steroids were administered for conditions other than dystrophinopathy. In this context, future studies on the significance of this finding, as well as the utility of steroids in treating patients with BMD, may yield interesting results. This study is also the first to report on respiratory dysfunction in patients with BMD. One may imagine that ventilator use occur only with IMD, however, an ambulant participant and a participant who kept ambulation until his 50's were included. Those with typical BMD, ambulation over age 17, in-frame mutations, and faint and patchy IHC pattern also had respiratory insufficiency. Physicians should regularly monitor the respiratory function of patients with pulmonary function tests in order to detect early signs of respiratory dysfunction, perform respiratory training, and induce mechanical ventilation if necessary, as they do for patients with neuromuscular diseases who present with respiratory failure [19, 20] .
CONCLUSIONS
We clarified the clinical phenotypes of Japanese patients with BMD/IMD using data from Remudy. Some limitations relating to the clarification of the natural history of the disease and genotypephenotype correlations might be resolved through international collaborations. Physicians should monitor the respiratory function of BMD/IMD patients.
